Abstract
Introduction
Bandpass filter (BPF) is one of the most important components in microwave circuits. To meet the size requirement of modern microwave communications systems, compact microwave BPFs with narrowband is in high demand. Recently, there has been an increasing interest in planar BPFs due to their ease of fabrication. Filters using various planar resonators such as the open loop, miniaturized hairpin, stepped-impedance, quarter-wave, and quasi-quarter-wave resonators have been proposed for either performance improvement or size reduction.
Recent developments in wireless communication systems have imposed new challenges to design and produce high selectivity miniaturized components. These challenges stimulate microwave circuit designers and antenna designers to seek out for solutions by investigating different fractal geometries [1] .
Different from Euclidean geometries, fractal geometries have two common properties, space-filling and self-similarity. The dimension of a fractal provides a description of how much a space it fills. It is a measure of the prominence of the irregularities when viewed at very small scales. A dimension contains much information about the geometrical properties of a fractal [2, 3] .
It has been shown that the self-similarity property of fractal shapes can be successfully applied to the design of multi-band fractal antennas, such as the Sierpinski gasket antenna, while the space-filling property of fractals can be utilized to reduce antenna and filter sizes. Research results showed that, due to the increase of the overall length of the microstrip line on a given substrate area as well as to the specific line geometry, using fractal curves reduces resonant frequency of microstrip resonators, and gives narrow resonant peaks [1] .
Among the earliest predictions of the use of fractals in the design and fabrication of filters is that of Yordanov, et al. Their predictions are based on their investigation of Cantor fractal geometry [4] .
Hilbert fractal curve has been used as a defected ground structure in the design of a microstrip lowpass filter operating at the L-band microwave frequency [5] . Sierpinski fractal geometry has been used in the implementation of a complementary split ring resonator [6] . Split ring geometry using square Sierpinski fractal curves has been proposed to reduce resonant frequency of the structure and achieve improved frequency selectivity in the resonator A New Microstrip Bandpass Filter Design Based on Hilbert Fractal Geometry for Modern Wireless Communication Applications Yaqeen S. Mezaal performance. Koch fractal shape is applied to mmwave microstrip bandpass filters integrated on a highresistivity Si substrate. Results showed that the 2 nd harmonic of fractal shape filters can be suppressed as the fractal factor increases, while maintaining the physical size of the resulting filter design [7] . Minkowski-like prefractal and Koch fractal curves has been used successfully in producing high performance miniaturized dual-mode square ring microstrip bandpass filters [8] .
In 
The Hilbert Fractal Curve
The Hilbert fractal curve, as outlined in For a Hilbert resonator, made of a thin conducting strip in the form of the Hilbert curve with side dimension S and order k, the sum of all the line segments L(k) are given by [9] :
The main idea here is to increase the iteration of the Hilbert curve as much as possible in order to fit the resonator in the smallest area. However, it has been found that, when dealing with space-filling fractal shaped microstrip resonators, there is a tradeoff between miniaturization (curves with high k) and quality factor of the resonator. For a microstrip resonator, the width of the strip w and the spacing between the strips g are the parameters which actually define this tradeoff [9] . Both dimensions (w and g) are connected with the external side S and iteration level k (k≥2) by:
From this equation, it is clear that trying to obtain higher levels of fractal iterations; this will lead to lower values of the microstrip width, thus increasing the dissipative losses with a corresponding degradation of the resonator quality factor. Hence, for these structures, the compromise between miniaturization and quality factor is simply defined by an adequate fractal iteration level. However, it has been concluded, in practice, that the number of generating iterations required to reap the benefits of miniaturization is only few before the additional complexities become indistinguishable [10] .
Filter Design
At first, a single resonator based on the 2 nd iteration Hilbert fractal geometry, has been designed at a frequency of 2.4 GHz. It has been supposed that these filter structures have been etched using a substrate with a relative dielectric constant of 10.8 and a substrate thickness of 1.27 mm. The resulting resonator dimensions have been found to be 6.25x5.05 mm 2 and a trace width of about 0.4mm. The performance offered by this resonator is too poor to be presented here. The same resonator with depicted dimensions and substrate specifications has been used to build a tworesonator microstrip bandpass filter. The topology of this filter is shown in Figure 2 . The overall dimensions of this filter are of 11.56x5.05mm
2 . The corresponding performance curves are shown in Figure 3 .
The previous steps have been repeated, but now with a microstrip resonator based on the 3 rd iteration Hilbert fractal geometry, designed at the same frequency and using a substrate with the same specifications. Figure 4 shows the topology of the dual-resonator microstrip bandpass filter. This filter has overall dimensions of 8.84x3.82mm 2 with a trace width of 0.22 mm, to resonate at the design frequency. Hilbert resonator as compared to 2 nd iteration filter structure. Also, these filters possess a considerable miniaturization over the conventional half-wavelength resonator filter. 
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Filter Performance Evaluation
Filter structures, depicted in Figure 2 It is clear, from Figure 3 , that the resulting bandpass filter based on the 2 nd iteration Hilbert fractal geometry offers a quasi-elliptic transmission response with transmission zeros that are not symmetrically located around the deign frequency. However, this response and its consequent zeros could be, to a certain extent, controlled through the variation of spacing between coupled resonators.
Performance curves shown in Figure 5 for bandpass filter based on the 3 rd iteration Hilbert fractal geometry depicted in Figure 4 , implies that this filter possesses better transmission response with transmission zeros more symmetrical around the design frequency. Besides the resonator dimensions, two other important parameters play an important role in the resulting multi-resonator filter performance [13] . These are the spacing between the adjacent resonators and the additional stub. Additional stub is used to enhance the It is clear, in both figures; the variation in the spacing slightly affects the resonant frequency, while its effect is more noticeable on the transmission zeros. In addition, the transmission response, corresponding to the 3 rd iteration based bandpass filter, shows a high degree of 2 nd harmonic suppression which accompanies the operation of a wide variety of bandpass filters [11, 12] .It is clear, from Figure 7 , that this harmonic, located at about 5.3 GHz, has been diminished to a level of about from 5 − dB to 8 − dB. Figure 8 and 9 demonstrate the effects of changing the stub length of these filters. The variation of the stub length is not only varying the resonant frequency, but also shifting the locations of the transmission zeros. Figure 10 and 11 demonstrate the surface current distribution on the conducting surface of both resonators at the design frequency, where red color indicates higher coupling effect while blue color indicates the opposite effect . The previous filter designs can be applied for many other wireless communication systems; the filter dimensions can easily be scaled up or down depending on the required operating frequencies. In this case, the resulting filters might be of larger or smaller in sizes according to the frequency requirements of the specified applications. 
Conclusions

